ABSTRACT A major concern for the disk instability mechanism for giant planet formation is survival of the self-gravitating clumps that form in a marginally gravitationally unstable disk. Previous grid-based calculations have found that these clumps may only survive for an orbital period or two, an outcome that has been attributed to insufficient spatial resolution of the clumps. Here we use the highest spatial resolution grid-based models to date (effectively over 8 ; 10 6 grid points, with a locally refined radial grid and 1024 azimuthal grid points) to demonstrate that clump formation and survival are enhanced as the numerical resolution is increased, even with a full treatment of disk thermodynamics and radiative transfer. The overall disk evolution appears to be converging toward a solution with robust spiral arms and self-gravitating protoplanets. The survival of these protoplanets is then further explored by introducing ''virtual protoplanets,'' point masses representing massive protoplanets that accrete gas from the disk and interact with the disk as they orbit around the protostar. While growing cores and protoplanets formed by core accretion are thought to be subject to significant orbital migration, the virtual protoplanet models show that protoplanets formed by disk instability are likely to avoid rapid inward orbital migration, at least initially, because the self-gravitating disk gas flows inward, past the protoplanets, while the protoplanets orbit relatively undisturbed. Subsequent orbital migration in this case may depend primarily on the outer disk lifetime and hence on the starforming environment, i.e., whether it is Taurus-like with relatively long-lived outer disks or Orion-like with relatively short-lived outer disks. The latter environment should lead to minimal inward orbital migration, as appears to be the case for our solar system, while the former may lead to sufficient inward migration to produce the observed short-period gas giant planets.
INTRODUCTION
Two fundamentally different mechanisms have been advanced for giant planet formation, core accretion (bottom-up) and disk instability (top-down). Core accretion, the generally accepted mechanism, relies on the collisional accumulation of rock and ice planetesimals to assemble $10 M È solid cores, which then slowly accrete massive gaseous envelopes from the disk gas ( Mizuno 1980; Lissauer 1987; Pollack et al. 1996; Kornet et al. 2002; Inaba et al. 2003; Hubickyj et al. 2005) . The opposite extreme is disk instability, where gas giant protoplanets form rapidly through a gravitational instability of the gaseous portion of the disk (Cameron 1978; Boss 1997 Boss , 1998 Boss , 2000 Boss , 2001 Boss , 2002a Boss , 2002b Boss , 2003 Boss , 2004 Mayer et al. 2002 Mayer et al. , 2004 and then more slowly contract to planetary densities. In this scenario solid cores form simultaneously with protoplanet formation by the coagulation and sedimentation of dust grains in the relatively low density, newly formed clumps of disk gas and dust. Hybrid formation mechanisms can also be envisioned that use the local pressure maxima of spiral arms and the associated headwinds and tailwinds to drive meter-sized solids toward the centers of the arms, where they are more likely to collide and grow to planetesimal size (Haghighipour & Boss 2003a Rice et al. 2004; Durisen et al. 2005) .
Recently Rafikov (2005) has concluded that disk instability cannot form gas giant protoplanets at distances of $1 AU from solar-type stars because the disk gas would be too hot at such distances. This point was first made by Boss (1997) and was considered one of the attractions of the ''best of both worlds'' scenario presented therein, where the terrestrial planets had to form slowly by collisional accumulation, while the gas giants could form rapidly by gravitational instability of the cooler gas beyond a few AU. Rafikov (2005) also concluded, however, that disk instability cannot form protoplanets at $10 AU, a finding that is at odds with detailed models of disk instabilities including a full treatment of disk thermodynamics, i.e., radiative transfer and large-scale convective motions (Boss 2002b (Boss , 2004 . One major reason for this discrepancy is Rafikov's (2005) assumption that the instability requires a Toomre Q ¼ 1, i.e., a highly gravitationally unstable disk, as was assumed in the outermost regions of the pioneering models ( Boss 1997) . However, it has long since been recognized that such a highly unstable disk is unlikely to occur and that marginally unstable disks with minimum Q-values of 1.5 ( Pickett et al. 2003; Boss 2000) or even higher are more likely to exist. Disks with initial minimum values of Q ¼ 1:5 can still form clumps by disk instability ( Boss 2002b ( Boss , 2004 . Because Rafikov's (2005) analysis depends on a factor involving Q 6 , the difference between his assumption of Q ¼ 1 and the disk instability models with Q ¼ 1:5 is a factor of 1:5 6 $ 11, sufficiently large to account for much of the apparent discrepancy. Rafikov's (2005) main point is that in order for a disk instability to form protoplanets, the disk must be both gravitationally unstable and able to cool efficiently. Detailed models have shown that both criteria can indeed be met in realistic, relatively low mass disks at distances of $8 AU and beyond ( Boss 2002b ( Boss , 2004 ).
Orbital Migration
In addition to raising the question of the formation mechanism of gas giant planets, the new era of extrasolar planet discovery has forced theorists to consider mechanisms for starting and stopping inward orbital migration of planets. The first Jupitermass extrasolar planet discovered (51 Pegasi b) orbits its host star in 4.23 days (Mayor & Queloz 1995) . Because forming a Jupiter-mass planet so close to its host star seems to be difficult, if not impossible (Bodenheimer et al. 2000b ), it appears that some giant planets must form at larger distances and then migrate inward to their final orbital distances (Lin et al. 1996) . The possibility of significant orbital migration complicates the task of making firm observational predictions based on the different formation mechanisms.
Recently Sozzetti (2004) has shown that the metallicities of the host stars appear to correlate with the orbital periods of the planets, with the more metal-rich stars having significantly more short-period planets, while long-period planets exist for both metal-rich and metal-poor stars. This suggests that the wellknown metallicity correlation has more to do with inward orbital migration than with the formation mechanism, as higher metallicity should lead to shortened timescales for type II inward migration ( Livio & Pringle 2003; Boss 2005) . Livio & Pringle (2003) concluded that migration is insensitive to the metallicity, even though their analysis of type II migration found that migration timescales were halved by increases in the metallicity by factors of $10. If the migration timescale is comparable to the inner disk lifetime, as seems to be the case, given the wide spread in semimajor axes of the known extrasolar gas giants, then even factors of 2 in migration rates could very well account for the enhancement of short-period planets around the most metal-rich stars, regardless of how the gas giant planets formed. Higher metallicity implies a higher surface density of solids, which hastens giant planet formation by core accretion (Hubickyj et al. 2005) , but higher metallicity also implies higher dust opacity, which slows the accretion of the gaseous atmosphere ( Hubickyj et al. 2005) , making the overall effect on core accretion unclear. The disk instability mechanism is somewhat insensitive to metallicity or dust opacity ( Boss 2002a) . While some of the metallicity correlation may be caused by ingestion by the star of planetary material (Santos et al. 2004) , it thus appears that at least some of the metallicity correlation is caused by inward planet migration.
Orbital migration is a serious threat to the formation and survival of planets in the core accretion scenario. Growing cores with masses in the range from 3 to 30 M È are subject to inward movement by type I migration on timescales of $10 4 to $10 5 yr ( Nelson & Papaloizou 2004) , timescales that are orders of magnitude shorter than the time needed ($4 ; 10 6 yr) for a protoplanet to grow large enough to open a gap in the disk and transition to type II migration ( Inaba et al. 2003; Hubickyj et al. 2005) . Moreover, type III migration (Masset & Papaloizou 2003) appears to be an equally dangerous threat, as gas flowing through the disk gap can force a planet to migrate on timescales that are even shorter than for type I migration, although the migration can be either inward or outward in the case of type III migration. Nelson & Papaloizou (2004) found that type I migration could be a random walk rather than a monotonic process in regions of magnetorotational instability ( MRI; Balbus & Hawley 1991) , perhaps thereby lengthening the lifetime of $10 M È cores. However, given that MRI is confined primarily to the ionized surfaces of protoplanetary disks (Gammie 1996) , this mechanism is unlikely to slow the migration of cores growing in the disk midplane.
Type I migration presents no problem for disk instability because this mechanism sidesteps the phase of growing cores with masses of $3 M È and proceeds directly to protoplanets with a Jupiter mass or more (!1M J ). Type III migration does not present a problem either, as it does not occur for such massive protoplanets (!1M J ), even in disks with masses of M d $ 0:1 M ( F. Masset 2004, private communication) . Type II migration is mitigated by the fact that with a disk mass of M d $ 0:1 M , the planet-forming midplane of the disk is again neutral and magnetically dead, and hence immune to MRI. As a result, it is unclear if protoplanets in the disk instability scenario will be subject to classic type II migration, where the disk is assumed to have an effective viscosity derived from some process (such as MRI) throughout its extent. Instead, protoplanets formed in a disk capable of a disk instability will be subject to the forces associated with a dynamically evolving, marginally gravitationally unstable disk, at least initially. It is unclear when a well-defined disk gap will form in this scenario, or what the expected long-term outcome should be, although eventually type II migration should be a possibility for long-lived disks (i.e., Taurus-like).
Ida & Lin (2004) presented an analysis of the type II migration of protoplanets formed by core accretion. While they did not include the effects of type I migration, which are potentially fatal for growing cores, their concentration on type II migration means that their analysis should apply to protoplanets formed by disk instability, once the disks lose sufficient mass and the protoplanetary orbits become stable enough for disk gaps to open and for type II migration to dominate. Ida & Lin (2004) showed that type II migration leads to distributions of planetary semimajor axes and masses that resemble those of the known extrasolar giant planets (e.g., their Fig. 12 ), a conclusion that argues in favor of protoplanet formation by disk instability. The overabundance of hot Jupiters in the models of Ida & Lin (2004) also suggests that some of the observed correlation of stellar metallicity with short-period planets is caused by ingestion of unfortunate giant planets by their host stars.
Clump Survival
One of the major concerns regarding the viability of the disk instability mechanism has been the survival of the newly formed clumps. Boss (2000) found that in disk instability models with increasingly higher spatial resolution in the crucial azimuthal () direction, clump formation became increasingly robust, to the point that with N ¼ 512, a clump could last for about two orbital periods before being torn apart by Keplerian shear, tidal forces, and internal gas pressure. Boss (2000) attributed the eventual loss of the self-gravitating clumps to insufficient spatial resolution to allow the clumps to contract and become sufficiently dense as to be immune to the forces that seek to destroy them. However, the Boss (2000) models employed locally isothermal thermodynamics, which errs on the side of clump survival. Therefore, Boss (2001) repeated the calculations with a full treatment of thermodynamics and radiative transfer, finding that with N ¼ 512, a well-defined clump lasted for a little over one orbital period before colliding with the innermost grid boundary at a radius of 4 AU. Clearly the fate of clumps formed by disk instability requires further investigation.
Clumps and Virtual Protoplanets
In this paper we pursue the question of the survival of clumps formed by disk instability with several different approaches. First, we present a sequence of disk instability models similar to those of Boss (2001) , but with a locally refined radial grid and with unprecedented azimuthal resolution, N ¼ 1024. We then explore the extent to which the Poisson solver for the graviapproximating the gravitational field of dense clumps with softened gravitational potentials from point masses. Finally, we explore the orbital migration of self-gravitating clumps by presenting the results of several models of marginally unstable disks where a self-gravitating clump of gas and dust is replaced with a ''virtual protoplanet'' ( VP). AVP is a point mass that accretes mass and angular momentum from the disk, thereby determining its orbital evolution, subject to the gravitational forces of the protostar and the disk, while the disk itself reacts to the gravitational force of the VP. The models show that the VPs appear to orbit stably for indefinite periods of time, even as the unstable disk gas flows inward past the VP to accrete onto the protostar.
NUMERICAL METHODS
The disk instability calculations were performed with a finite volume code that solves the three-dimensional equations of hydrodynamics and radiative transfer, as well as the Poisson equation for the gravitational potential. The code is the same as that used in previous studies of disk instability (Boss 2001 (Boss , 2002a (Boss , 2002b (Boss , 2003 . The code has been shown to be secondorder accurate in both space and time through convergence testing (Boss & Myhill 1992) .
The equations are solved on spherical coordinate grids with N r ¼ 101, N ¼ 23 in /2 ! ! 0, and N ¼ 256, 512, or 1024. The radial grid is either uniformly spaced with Ár ¼ 0:16 AU between 4 and 20 AU or nonuniformly spaced with Ár ¼ 0:16 AU from 4 to $8 AU, Ár ¼ 0:08 AU from $8 to $12 AU, Ár ¼ 0:16 AU from $12 to $13 AU, and Ár ¼ 0:32 AU from $13 to 20 AU. This nonuniform radial grid is referred to as the local mesh refinement (LMR) grid, as it concentrates the radial grid points at the radial distances of 8-12 AU where clumps first form in previous disk instability models. The LMR preserves the second-order accuracy of the code as the finite-difference replacements were chosen to be second-order accurate for nonuniform radial grids. The grid is compressed into the midplane to ensure adequate vertical resolution (Á ¼ 0N3 at the midplane). The grid is uniformly spaced, to prevent any bias in the azimuthal direction. The central protostar wobbles in response to the growth of nonaxisymmetry in the disk, thereby rigorously preserving the location of the center of mass of the star and disk system. The number of terms in the spherical harmonic expansion for the gravitational potential of the disk is N Ylm ¼ 32 or 48. The Jeans length criterion (Boss 2002b ) is used to ensure that the clumps that form are not numerical artifacts: even at the maximum clump densities, the numerical grid spacings in all three coordinate directions remain less than 1 4 of the local Jeans length. The boundary conditions are chosen at both 4 and 20 AU to absorb radial velocity perturbations ( Boss 1998 ). Mass and linear or angular momentum entering the innermost shell of cells at 4 AU are added to the central protostar and thereby removed from the hydrodynamical grid. No matter is allowed to flow outward from the central cell back onto the main grid. Similarly, mass and momentum that reach the outermost shell of cells at 20 AU are effectively removed from the calculation: the mass piles up in this shell and is assigned zero radial velocity. This matter is not allowed to return to the main grid. Note that both the inner and outer boundary conditions are designed to absorb incident mass and momentum, rather than to reflect mass and momentum back into the main grid.
As in Boss (2001 Boss ( , 2002a Boss ( , 2002b Boss ( , 2003 , the models treat radiative transfer in the diffusion approximation, which should be valid near the disk midplane and throughout most of the disk because of the high vertical optical depth. The radiative flux term is set equal to zero in regions where the optical depth drops below 10, in order to ensure that the diffusion approximation does not affect the solution in regions where it is not valid. As a result, it has not been found necessary to include a flux limiter in the models ( Boss 2001) ; artificial viscosity is also not employed. The energy equation is solved explicitly in conservation law form, as are the four other hydrodynamic equations. Cooling of the disk midplane appears to occur largely as a result of convective cells, stretching from the midplane to the disk surface, and capable of cooling the disk on a timescale of $50 yr at 10 AU ( Boss 2002b ( Boss , 2004 .
Further details about the code may be found in Boss (2002b) . The code has been extensively tested on a wide variety of test cases (Boss & Myhill 1992) , including the nonisothermal test case for protostellar collapse (Myhill & Boss 1993) . Bodenheimer et al. (2000a) described the results of isothermal collapse calculations performed with several different three-dimensional codes, illustrating the excellent agreement between the results obtained with the Boss & Myhill (1992) code and with an adaptive mesh refinement (AMR) code. Protostellar collapse calculations are considerably more computationally challenging in many ways than the calculations of Keplerian disks considered here.
INITIAL CONDITIONS
The physical model under consideration consists of a 1 M central protostar surrounded by a protoplanetary disk with a mass of 0.091 M between 4 and 20 AU. Disks with similar masses appear to be necessary to form gas giant planets by core accretion. Kornet et al. (2002) assumed a disk mass of 0.164 M in their core accretion models, while Inaba et al. (2003) required a disk with a mass of 0.08 M in order to form a Jupiter-mass planet.
The initial protoplanetary disk structure is based on the following approximate vertical density distribution ( Boss 1993) for an adiabatic, self-gravitating disk of arbitrary thickness in near-Keplerian rotation about a point mass M s :
where R and Z are cylindrical coordinates, o (R) is the midplane density, and (R) is the surface density. The adiabatic pressure (used only for defining the initial model: the radiative transfer solution includes a full thermodynamical treatment) is defined by p ¼ K , where K is the adiabatic constant and is the adiabatic exponent. The adiabatic constant is K ¼ 1:7 ; 10 17 (cgs units) and ¼ 5/3 for the initial model. The radial variation of the midplane density is a power law that ensures near-Keplerian rotation throughout the disk
where o4 ¼ 1:0 ; 10 À10 g cm À3 and R 4 ¼ 4 AU. A lower density halo h of infalling molecular cloud gas and dust surrounds the disk, with
where h4 ¼ 1:0 ; 10 À14 g cm À3 and r is the spherical coordinate radius. The initial velocity field vanishes inside the disk, except for Keplerian rotation, while in the halo the initial velocity field is given ( based on conservation of energy) by
The translational (v r , v ) velocity field in the halo is simply vertical infall toward the disk midplane, and the azimuthal velocity is taken to be Keplerian. The initial temperature profile is based on the two-dimensional radiative hydrodynamics calculations of Boss (1996) and is the same as used in the previous models (Boss 2001 (Boss , 2002a (Boss , 2002b . Two outer disk temperatures are investigated, T o ¼ 40 or 50 K. As a result of the initial temperature and density profiles, the disks initially have Q gravitational stability parameters as low as
In low optical depth regions such as the disk envelope, the temperature is assumed to be 50 K, consistent with heating by radiation from the central protostar at distances of order 10 AU.
LMR AND HIGH-N MODELS
We first examine models with a locally refined radial grid ( LMR) and varied azimuthal grid resolution. Table 1 lists all the models discussed in this paper.
Technique
Previous calculations of disk instabilities by Boss (1997 Boss ( , 1998 Boss ( , 2000 Boss ( , 2001 Boss ( , 2002a Boss ( , 2002b Boss ( , 2003 Boss ( , 2004 all used uniformly spaced radial grids. Here we present the results of three LMR models (AR, ARH, and ARH2) where the radial grid spacing was reduced by a factor of 2 in the critical range of radii from 8 to 12 AU where the clumps tend to form first. Because of the LMR, the effective radial grid resolution in the most important region of the disk is effectively doubled. Model A had a uniformly spaced radial grid and N ¼ 256, for an effective total of over 1 ; 10 6 grid points. With the LMR grid, model AR had effectively over 2 ; 10 6 grid points. Because of the increased values of N ¼ 512 and 1024, models ARH and ARH2 had effectively over 4 ; 10 6 and 8 ; 10 6 grid points, respectively. These appear to be the highest effective spatial resolutions achieved to date in a finite-difference calculation of a disk instability. Boss (2000 Boss ( , 2001 achieved an effective resolution of 2 ; 10 6 grid points with a uniform radial grid and N ¼ 512.
Because of the extreme computational burden associated with models ARH and ARH2, these two models were started after 298 yr of previous evolution of model A by taking the disk structure of model A and interpolating it onto a grid with either a doubled or quadrupled value of N .
Results
Figures 1 and 2 show the formation of spiral arms and clumps in the midplane of model A after 325 yr of evolution from the initial disk configuration. The most prominent clump, located at about eleven o'clock in Figures 1 and 2 , stands out from the disk by only about a factor of 4 in density. In contrast, for model ARH2, shown in Figures 3 and 4 , after 324 yr, this same clump at about eleven o'clock is much better defined and is at least 20 times denser than its surroundings. Comparing these two sets of figures, we can see that in model ARH2 the spiral arms, clumps, and shock fronts, while similar to those of model A, are better defined and more numerous. Model ARH, with intermediate spatial resolution, is similarly intermediate in terms of the development of its nonaxisymmetric structure compared to models A and ARH2. It is clear that while the calculations appear to be converging toward a robust structure composed of spiral arms and clumps, even the highest spatial resolution model ARH2 is not necessarily converged to the continuum limit, at least not on the scale of the densest clumps.
In order to separate out the improvement achieved by LMR from that of increasing N , Figures 5 and 6 present the midplane densities for model AR after 338 yr. Comparing to Figures 1 and 2 for model A without LMR (although at a slightly earlier time) shows that the addition of LMR has significantly improved the sharpness of the arms and clumps in the 8-12 AU band, as well as inside 8 AU. In fact, the results of model AR are much more comparable to those of model ARH2 with quadrupled N , as shown in Figures 7 and 8 after 339 yr. Nevertheless, in model ARH2 the spatial definition of the clumps and arms has continued to improve over that seen in model AR. Evidently both LMR and quadrupling N lead to significant improvements in the spatial resolution. Boss (2000 Boss ( , 2001 found that as N ! 1, clump formation became more robust. The same result evidently applies here with the LMR models and models with N ¼ 512 and 1024.
Figures 9 and 10 compare the midplane temperature distributions for models AR and ARH2 after 338 and 339 yr of evolution, respectively. Again, the strong similarities between the two models suggest that the calculations are converging toward a solution where the spiral arms are compressionally heated significantly over the surrounding disk, although again the higher spatial resolution model ARH2 continues to exhibit a somewhat greater richness of detail.
Density and temperature profiles through the densest clumps in models AR and ARH2 are shown in Figures 11 and 12 and Figures 13 and 14 , respectively. The clump in model ARH2 is slightly better defined than in model AR, with both clumps standing out over their surroundings by factors of 10-100 in density. These clumps both occur at the inner edge (8 AU ) of the LMR grid, where the midplane temperature begins to rise toward the central protostar ( Figs. 12 and 14) . Midplane temperatures in the clumps tend to rise by a factor of 2 or less over their surroundings. Midplane temperature increases appear to be held to these modest increases by the efficiency of convective cooling of the disk midplane coupled with the assumed rapid loss of heat from the surface of the disk ( Boss 2004) .
Figures 15-20 present the time evolution of the clumps and spiral arms in model ARH2 over a period of time from 313 to 340 yr, a total of 27 yr of evolution, or about an orbital period at 10 AU. During this evolution, a number of separate clumps can be followed as they form and orbit around the central protostar, as described in the captions to the figures. Two of the clumps merge into one clump, and a few more appear during the evolution. Clumps 1, 2, and 3 can be traced back to their formation after around 301 yr of evolution in model ARH2, i.e., for a previous half-orbit and 12 yr of existence. Models ARH and ARH2 have both been running for well over 1 yr on dedicated Alpha chip workstations, and the models continue to run to test Fig. 1 , with the hatch marks removed in order to allow the density contours in the high-density clumps to be resolved. Density contours again represent factor of 2 changes in density. The log of the maximum equatorial density ( RHOMAX ) is noted above the plot. . Density contours represent factor of 2 changes in density.
the survivability of the clumps. The major clumps continue to exist at 342 yr in model ARH2. The properties of the most well-defined clumps evident in Figure 20 can be estimated as follows, where clumps are defined to include all adjacent disk gas that is denser than 1/20 of the maximum clump density. For clump 4, the maximum density is 2:0 ; 10 À9 g cm À3 with an average temperature of 92 K. The clump's mass is 1.6M J (where M J is the mass of Jupiter), considerably larger than the Jeans mass at that density and temperature of 0.67M J , demonstrating that the clump is gravitationally bound. The average spherical radius of the clump is 0.71 AU, smaller than the tidal radius of 0.72 AU, showing that the clump is marginally stable to tidal disruption. This critical tidal radius effectively defines the boundary of the clump: if not for tidal forces, the clumps would be even larger. The clump has an orbit with a semimajor axis of 9.0 AU and an eccentricity of 0.06. For clump 5, the maximum density is 5:5 ; 10 À9 g cm
À3
with an average temperature of 94 K. The clump's mass is 1.7M J , compared to the Jeans mass at that density and temperature of 0.57M J . The average spherical radius of the clump is 0.64 AU, equal to the critical tidal radius of 0.64 AU. The clump has an orbit with a semimajor axis of 7.9 AU and an eccentricity of 0.04. As previously argued by Boss (2000 Boss ( , 2001 , these selfgravitating clumps should be able to contract sufficiently on a 
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Vol. 629 timescale shorter than an orbital period to become compact enough to allow their continued survival as gas giant protoplanets. While the present models offer further support of this assertion, it is likely that an AMR code is needed to further buttress this claim. The smoothed particle hydrodynamics (SPH) calculations of Mayer et al. (2002 Mayer et al. ( , 2004 ) used a locally defined smoothing length to demonstrate the long-term survival of the clumps formed in their high-resolution disk instability calculations. The present calculations are in full agreement with the results in favor of long-term clump survival previously found by Mayer et al. (2002 Mayer et al. ( , 2004 .
POISSON SOLVER VARIATIONS
We next explore the extent to which the Poisson solver for the gravitational potential of the disk controls the fate of clumps by approximating a portion of the gravitational field of dense clumps with the gravitational potentials of point masses.
Technique
Boss (2000, 2001) found that N Ylm was equally important as spatial resolution for robust clump formation. Models where Fig. 11 . The midplane temperature is constrained to a value of 50 K or higher and rises to much higher values ($600 K) in the inner disk. Fig. 10 . The temperature is constrained to be less than 1000 K, but temperatures only rise to $650 K in the innermost disk.
N Ylm was increased from 32 to 48 developed significantly stronger clumps. However, increasing N Ylm much beyond 48 cannot be tolerated unless the gravitational potential solver is allowed to dominate the entire computational effort, as the computational effort roughly scales as N 2 Ylm . Hence, a different approach has been tried in order to investigate how improved representation of the gravitational potential can affect the outcome of a disk instability. Given that clump formation and survival are largely a battle between self-gravity of the clump on the one hand and gas pressure, Keplerian shear, and tidal forces on the other hand, improving the representation of the self-gravity of a growing clump is expected to be important for clump survival.
The new technique is motivated by the realization that as a clump forms and its maximum density increases, the density maximum will become increasingly poorly resolved at fixed spatial resolution and fixed N Ylm . Thus, in order to attempt to provide a more accurate representation of the gravitational potential of an increasingly denser clump, the following technique is employed. The portions of a clump with densities greater than some critical density crit are effectively sliced off of the clump and their mass determined. The mass of each computational cell associated with Fig. 14. -Equatorial temperature profile for model ARH2 after 339 yr, for the same azimuthal angle as in Fig. 13 . > crit is then assigned to a point mass located at the center of the cell from which it was removed. For cells above the midplane, this point mass is assumed to reside in the midplane, as these calculations all assume symmetry above and below the equatorial plane. The gravitational potential of the entire disk is then calculated, but using crit as the density for the cells with > crit . The gravitational potential of the point masses is then added back into the gravitational potential of the disk, with the gravitational potential of the point masses within each cell with > crit being softened (i.e., a minimum is placed on the radial distance from the point mass) by a fraction of the radial grid spacing, Ár/5, in order to avoid singularities in the densest cells.
Results
Model EP was evolved with crit ¼ 3 ; 10 À10 g cm À3 , starting after 322 yr of evolution of model E, when well-defined clumps had formed. Figure 21 shows one of the clumps after 475 yr of evolution, which stands out over the surrounding disk by more than a factor of 1000 in density (Fig. 22 ). Given that model EP has a uniform radial grid and N p hi ¼ 256, the clump is remarkably dense and well defined. However, because of the relatively low spatial resolution of model EP, the Jeans length constraints in the radial and azimuthal directions are violated at the location of the high-density clump, so this approach could only be justified in combination with sufficiently increased spatial resolution as to satisfy all the Jeans constraints. It is interesting to note, however, that in spite of this violation in model EP, high-density clumps still disappear after an orbit or so; thus, clearly violating the Jeans constraints does not lead to artificially long-lived clumps.
While this Poisson solver improvement clearly leads to better defined, denser clumps, in practice this approach is not especially practical because of the slow execution of the code associated with calculating the gravitational potential at each grid point at each time step of all of the point masses in the cells with > crit . However, the idea of introducing point masses to better represent the densest regions of the disk leads naturally to the next topic, the introduction of VPs.
VIRTUAL PROTOPLANETS AND ORBITAL MIGRATION
We now consider models where a dense clump is represented in part by a VP in the dynamically evolving disk. This approach is intended to learn more about the ultimate survival of clumps formed in the middle of a disk that is itself in the process of undergoing a gravitational instability. A similar approach was used by Rice et al. (2003) in their SPH models of the orbital evolution of clumps produced by fragmentation in protostellar disks, based on the technique developed by Bate et al. (1995) .
Technique
The VP is assumed to accrete massṀ at the rate given by the Bondi-Hoyle-Lyttleton formula (Livio 1986; Ruffert & Arnett 1994) ,
where f is a dimensionless coefficient, G is the gravitational constant, M is the VP mass, c is the local density, c c is the local sound speed, and V is the speed of VP through the local gas. The coefficient f should be less than unity because of various effects neglected in the analysis, such as the accretion of rotating gas of nonuniform density and temperature, and shock fronts. Nelson & Benz (2003a) explored a range of values of f, from 1 to 10 À4 . The VP also accretes orbital angular momentum from the disk gas, by accreting an amount of momentum from the local hydrodynamical cell proportional to the mass being accreted from that cell, i.e., by ''consistent advection,'' in such a way as to guarantee the conservation of total orbital angular momentum. The mass and angular momentum accreted by the VP are then removed from the cell in which it resides during the time step under consideration.
The gravitational force of the VP affects the disk's evolution through having the gravitational potential of a point mass (ÀGM/R) added into the total gravitational potential experienced by the disk, where the radius R is the distance from the VP's position to the cell's center. This radius is constrained to be no smaller than Ár/2, where Ár is the local grid spacing in the radial coordinate of the hydrodynamical grid, thereby softening the gravitational potential in order to avoid singularities when the VP approaches the center of a grid cell. The VP evolves as a result of the mass and angular momentum accreted, subject to the gravitational potential of the protostar and disk, as well as to the effects of centrifugal force. Similarly, the disk evolves due to the gravitational effect of the VP, as well as that of itself and the protostar. Gas drag is neglected, as is appropriate for a massive protoplanet. Tests withṀ ¼ 0 and the gravitational potential of only a central protostar show that VPs on initially circular or elliptical orbits with semimajor axes of 5 AU orbit stably for at least 500 yr, and the VP's angular momentum is conserved to at least eight digits. Nelson & Benz (2003a) compared the results from their detailed, two-dimensional (thin disk) hydrodynamical calculations with the predictions of analytical theories of gravitational torques in thin disks and found that the gravitational torques only agreed to within factors of 3-6 or so, implying that some of the assumptions made in the analytical theories (e.g., that interactions occur only at Lindblad or corotation resonances) may not be justifiable in real disks. Comparing the results of hydrodynamical codes with the results from analytical theories that involve approximations themselves can be of limited usefulness in this case. On the other hand, Bate et al. (2003) found that their three-dimensional hydro code was able to reproduce the migration timescales for linear, type I drift calculated by Tanaka et al. (2002) for planets less massive than 0.1M J . While the present code has not been used to try to reproduce the predictions of linear theories for disk migration problems, test cases for protostellar collapse problems (e.g., Boss & Myhill 1992; Myhill & Boss 1993; Bodenheimer et al. 2000a ), involving dynamic collapse over many orders of magnitude increase in density and decrease in spatial scale, lend credence to the validity of the models presented here.
Results
The VP models all started at the same time (after 322 yr) of model E (the same as model ed from Boss 2002b). The VP models were continued with the same spatial resolution as model E, with the only change being the addition of the VP at the location of the maximum density clump in the disk. Models were run with f ¼ 0:1, 10 À4 , and 10 À5 , starting with VP masses of 1M J at an initial distance of $8 AU from the protostar (Fig. 23) .
With f ¼ 0:1, the VP grew quickly in mass, gaining nearly 2M J in its first orbit, a mass accretion rate of $0.1M J yr À1 . Such a high rate of mass accretion is not physically reasonable, as noted by Nelson & Benz (2003a) , who argue that such rates should be less than $10 À4 M J yr À1 . With f ¼ 0:1 the VP continues to gain mass rapidly and its orbit spirals gradually inward, reaching $7.7M J after 23 orbits. At this time f was set equal to zero, freezing the VP's mass, and the orbit expanded a small amount and became more eccentric, eventually hitting the inner boundary at 4 AU after about another 28 orbits. Throughout the total evolution of this model, including both the f ¼ 0:1 and 0 phases, disk mass flowed freely inward, past the orbiting VP, and was absorbed by the inner grid boundary, located at 4 AU. The total amount of mass accreted by this central region was $14M J , over a time period of 559 yr, leading to a mass accretion rate into the central regions of $2 ; 10 À5 M yr À1 . The remaining models explored perhaps more reasonable values for the VP mass accretion rate. With f ¼ 10 À4 , the VP still gains mass at a high rate of $2:5 ; 10 À3 M J yr À1 , rising to $1.9M J within 400 yr (Fig. 24) . The VP moves outward toward the end of this period but is still orbiting stably on a slightly eccentric orbit after over 1000 yr of existence (Fig. 25) . With f ¼ 10 À5 , the VP grows to 1.05M J after 350 yr (Fig. 26) , a mass accretion rate of $1:4 ; 10 À4 M J yr À1 , roughly consistent with the Nelson & Benz (2003a) constraint. (Note that Figs. 24, 25, and 26 had to be scanned in from paper copies, as a failure of the RAID hard drive system used for data archiving led to the loss of the data files for these models.) In this model, the VP's orbit expands several AU to a semimajor axis of about 10 AU, becomes mildly eccentric, and continues to orbit for at least 1052 yr, when the calculation was terminated. Throughout both of these evolutions, disk mass continues to accrete onto the central regions at a vigorous rate while the VP orbits. Bate et al. (2003) found a similar outcome, namely, that planets with up to a few M J underwent little migration, whereas planets with masses of $10M J underwent large-scale migration, as with the f ¼ 0:1 model. Nelson & Benz (2003b) found that a Jupiter-mass planet suffered significant, monotonic, inward orbital migration within 1000 yr in their models of gravitationally stable (Q > 5) disks. In the absence of disk gravity, the usual assumption (e.g., Kley 2000) , their inward migration rate increased to about 1 AU in 150 yr. The VPs in the models with f ¼ 10 À4 and 10 À5 were not lost to inward migration on these timescales, as might have been expected. They also did not transition to type II migration, in that well-defined disk gaps did not form: the disks continued to resemble the structures evident in Figures 23 and 25 , with banana-shaped clumps and holes. The key difference here seems to be including the effects of a marginally gravitationally unstable disk, which evidently does not behave in the same way as non-self-gravitating or gravitationally stable disks. The presence of self-gravitating spiral arms more massive than the VP clearly leads to gravitational interactions that differ from those in disks without self-gravity.
The models shown in Figures 24 and 26 show that orbital migration of massive protoplanets need not be monotonic or rapid in a marginally gravitationally stable disk, at least over time periods of $1000 yr. While limited in the time period covered, these models suggest that, to first order, giant protoplanets formed by disk instability will not suffer rapid inward orbital migration shortly after their formation. A marginally gravitationally unstable disk has a high enough surface density to prevent cosmic rays from reaching and ionizing the midplane, so that magnetically driven torques should be limited to the disk surface, while the midplane in the planet-forming region will remain magnetically dead (Gammie 1996) . In the absence of any other source of significant turbulent viscosity, type II migration cannot occur. Once the disk's surface density decreases enough for cosmic rays to ionize the entire disk, magnetic torques may be able to viscously evolve the disk and hence eventually to drive inward type II migration of the protoplanets.
The results imply that protoplanets formed in gravitationally unstable disks do not immediately open disk gaps and hence do not quickly transition to type II migration. Previous studies of angular momentum transport in self-gravitating disks (Gammie 2001; had suggested that such disks transport angular momentum in a manner analogous to standard viscous accretion disk theory, which is based on a local analysis of the gas. The new results suggest that global effects can also be important , as one might expect for a longrange force such as gravity. Furthermore, the models show the formation of multiple clumps that could become protoplanets. The formation of a disk gap requires a resonant interaction between the protoplanet and the disk gas lasting for several orbital periods. However, the ongoing dynamical interactions between the protoplanet(s) and the disk gas result in continual changes in the protoplanet's orbit (e.g., Fig. 24 ), so that there is not enough time for the disk gas to be cleared away while in a specific orbital resonance with the protoplanet.
MIGRATION, SURVIVAL, METALLICITY, AND ENVIRONMENT
While type I, II, and III orbital migration presents considerable problems for the core accretion mechanism for giant planet formation, the present models show that orbital migration is much less of a problem for the disk instability mechanism. Type I and III orbital migration is sidestepped completely by the rapid formation of Jupiter-mass clumps, while type II migration requires an effective source of turbulent viscosity in the magnetically dead midplane where the giant planets form and orbit. The present VP models show that in the disk instability scenario, gravitational torques between the VPs and the disk and the associated vertically driven convective motions (Boss 2004) do not behave like a classic viscous accretion disk, where a well-defined gap is expected to open around a massive protoplanet, with the disk's viscous evolution forcing inward type II migration of the protoplanet. Instead, the variations of f in model EV show that only minor inward and outward orbital migration is to be expected for newly formed protoplanets in the disk instability scenario, even while the disk mass is flowing rapidly inward past the protoplanets' orbits and onto the central protostar.
Even a marginally gravitationally unstable disk will eventually become gravitationally stable, probably primarily by loss of mass through accretion onto the central protostar. At that point, the protoplanets should be able to open disk gaps and be subject to type II migration, driven perhaps by MRI turbulence. À4 after 1092 yr of evolution (about 30 orbits). The dense clump of disk gas that forms an atmosphere around the VP can be at eight o'clock at a distance of 11 AU. The calculation was arbitrarily stopped at this point because of the dense clumps that formed at the artificial outer disk boundary. The VP seems capable of continuing to orbit indefinitely. Protoplanets formed by disk instability will then be subject to inward orbital migration, possibly explaining the correlation of short-period gas giants with the metallicity of the host star (e.g., Sozzetti 2004) . Type II migration is expected to become more rapid as the metallicity of the star (and presumably of the disk) increases because internal disk torques depend on the disk viscosity , and in standard viscous accretion disk theory (e.g., Ruden & Pollack 1991) ¼ c s h, where is a free parameter, c s is the sound speed, and h is the disk thickness. As the disk metallicity decreases, the disk opacity decreases, leading to lower disk temperatures, lower sound speeds, and a thinner disk. As a result, decreases with lowered metallicity, and the timescales for type II migration increase. Ruden & Pollack (1991) have shown that viscous disk evolution times lengthen by a factor of about 20 when decreases by a factor of 10. Hence, stars that are metal-rich because of their primordial abundances (as opposed to having ingested planetary material) should have more short-period gas giant planets, regardless of whether the giants formed by core accretion or disk instability, as seems to be the case (Sozzetti 2004) .
This argument for producing short-period Jupiters assumes that the disk lasts long enough for type II migration to operate. Protoplanetary disks in regions of low-mass star formation, such as Taurus and Auriga, should last longer than disks formed in regions of high-mass star formation, such as Orion and Carina, because in the latter regions far-ultraviolet ( FUV ) and extremeultraviolet ( EUV ) radiation photoevaporates the gas from the outer disk gas on timescales of $0.1 Myr ( Bally et al. 1998 ). The rapid loss of the outer disk gas would prevent the transfer of angular momentum outward by gravitational torques from the inner disk that is needed for type II migration to produce shortperiod Jupiters, freezing the orbits of the giant planets at close to their initial distances. This situation would imply a lack of major orbital migration since formation for the giant planets, as seems to be required for our solar system. This argument is consistent with the suggestion that our solar system formed in a region of high-mass star formation, in order to use the FUV and EUV radiation to remove the outer disk gas and then to strip the gaseous envelopes from the outermost gas giant protoplanets, turning them into ice giants, all in the context of the disk instability scenario ( Boss et al. 2002) . In Taurus-like regions, where the outer disk gas remains for a few million years or so, all the giant protoplanets formed by disk instability would become gas giant planets. These planets would also be subject to significant inward type II migration, leading to short-period Jupiters accompanied by gas giants with increasingly longer periods. In either the core accretion or disk instability scenario, the mechanism for stopping inward migration and producing hot Jupiters is likely to be depletion of gas in the innermost disk or migration into a magnetized region of the disk (Terquem 2003) .
CONCLUSIONS
The present models have shown that the chances for formation and survival of clumps formed by disk instability continue to improve as the spatial resolution of the three-dimensional calculation and representation of the self-gravity of the clumps improves. While even the present calculations do not appear to have reached the continuum limit, the degree of convergence evident in the three-dimensional models implies that the ultimate outcome of a disk instability may be the formation of strong spiral arms and dense, self-gravitating clumps that could become gas giant protoplanets. Further progress in demonstrating this claim may await the application of AMR codes to disk instability problems.
Remarkably, VPs in gravitationally unstable disks are able to accrete mass at high rates and still orbit more or less stably at distances of 5-10 AU, even as the unstable disk gas flows past the protoplanets and accretes onto the central protostar at rates of $2 ; 10 À5 M yr À1 . While the three-dimensional models only demonstrate this orbital stability for time periods of slightly over 1000 yr, there is no reason to believe that the protoplanets could not orbit stably for considerably longer periods of time, based on the present models. In particular, it is important to note that the Jupiter-mass protoplanets do not open welldefined, steady gaps in these gravitationally unstable disks, as a result of the somewhat chaotic evolution of the disk gas. Orbital migration in a gravitationally unstable disk might be termed ''type IV'' migration, although the present models imply that type IV migration is only significant for fairly massive (>5M J ) protoplanets.
Eventually type IV nonmigration for <5M J protoplanets must be succeeded by type II migration, when the disk mass decreases enough for the disk to be gravitationally stable and a classic disk gap can open. Thereafter the protoplanets will migrate along with the disk, assuming that it has some intrinsic source of turbulent viscosity, such as MRI. There should then be a distinct difference in the final orbits of giant planets that depends on the outer disk lifetimes, i.e., on the star-forming environment. Relatively long-lived outer disks in regions like Taurus should allow type II migration to be effective for longer periods of time than in the case of the shorter lived outer disks in regions like Orion. The latter environment should lead to minimal inward orbital migration, while the former may lead to sufficient inward migration to produce the observed hot and warm Jupiters. Spectroscopic planet search surveys have found that $15% of nearby stars have short-period, hot or warm Jupiters, while at least $25% have no short-period Jupiters but show evidence for possible long-period, cold Jupiters (A. Hatzes 2004, private communication) . These rough estimates are consistent with the idea that the short-period Jupiters are the result of inward type II orbital migration associated with the relatively long lives of the outer disks in regions of low-mass star formation like Taurus because most stars are thought to form in regions like Orion, not Taurus ( Lada & Lada 2003) . If planetary systems can form in regions of high-mass star formation where outer disks are short lived, then most gas giant planets should experience only minor degrees of inward orbital migration, as seems to be the case based on the spectroscopic planet searches to date. In fact, there are good reasons for arguing that the solar system itself formed in a region like Orion, as ice giant planet formation in the disk instability scenario ( Boss et al. 2002) requires the presence of a strong source of EUV/ FUV radiation. If true, this would imply that solar system analog planetary systems may be considerably more commonplace than would be the case if the solar system formed in a region like Taurus.
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